Abstract. MicroRNA (miR)-146a levels are reduced in peripheral blood mononuclear cells of patients with systemic lupus erythematosus (SLE); however, its function is not well understood. The present study investigated the role of miR-146a in the regulation of lipopolysaccharide (LPS)-induced inflammation in THP-1 cells. A miR-146a mimic and an inhibitor were used to overexpress and downregulate miR-146a expression, respectively. Reverse transcription-quantitative PCR and western blot analyses were performed to evaluate interleukin (IL)-1 receptor-associated kinase 1 (IRAK1) expression, and western blot analysis was applied to assess nuclear factor-κB activation by analyzing p65 subunit levels in the nucleus. To investigate the effects of miR-146a on LPS-induced inflammation, IL-6 and tumor necrosis factor-α (TNF-α) levels were also measured using ELISA. The results of the present study revealed thatmiR-146a overexpression significantly reduced IRAK1 expression, reduced p65 levels in the nucleus and reduced IL-6 and TNF-α levels in the supernatant of the cell culture medium of THP-1 cells following LPS treatment. Luciferase assays confirmed IRAK1 to be a direct target of miR-146a in THP-1 cells. In conclusion, miR-146a may regulate IRAK1 expression and inhibit the activation of inflammatory signals and secretion of pro-inflammatory cytokines. The present study revealed, at least in part, the mechanisms by which miR-146a regulate the inflammatory response in SLE.
Introduction
MicroRNAs (miRNAs/miRs) are endogenous non-coding RNA molecules, 19-25 nucleotides in length, that exert post-transcriptional inhibitory effects on gene expression (1) . To date, abnormal miRNA expression has been observed in a number of diseases, including cancer, systemic lupus erythematosus (SLE), autoimmune diabetes, atherosclerosis and rheumatoid arthritis (RA) (2) (3) (4) . In particular, miR-146 is a miRNA that serves an important role in the regulation of the immune response by targeting genes to mediate downstream pathophysiological processes, with the interleukin (IL)-1 receptor-associated kinase l (IRAK1)/tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6) TRAF6/NF-κB axis as the most important target (5) . It has been reported that miR-146a inhibits the activation of donor T cells in acute graft-vs.-host disease by targeting TRAF6, leading to reduced TNF transcription (6) . Human miR-146 exists in two forms, miR-146a and miR-146b, the former of which has a seed sequence of 5'-UGA GAA CUG AAU UCC AUG GGU U-3' and is highly expressed in macrophages, mononuclear cells and T lymphocytes (7) .
SLE is a complex chronic autoimmune inflammatory disease that is caused by inflammatory responses mediated by the lack of self-tolerance in the immune system. Innate and adaptive immune responses appear to be involved in the development of SLE. A variety of immune cell types, including monocytes, lymphocytes, mediated by a number of cytokines, including type I interferon (IFN) and IL-6, have been previously reported to serve their roles in this process (8) .
Indeed, previous studies have demonstrated that miR-146a expression is reduced in the peripheral blood mononuclear cells (PBMCs) of patients with SLE (9, 10) . A pilot study performed by Zhou et al (unpublished data) revealed that miR-146a levels were lower in the serum of patients with SLE. These findings suggested that miR-146a may be associated with the development and progression of SLE.
A previous study revealed that interleukin (IL)-1 receptor-associated kinase l (IRAK1) is a potential target of MicroRNA-146a inhibits NF-κB activation and pro-inflammatory cytokine production by regulating IRAK1 expression in THP-1 cells (11) . IRAK1 is the critical molecule in the Toll-like receptor (TLR)-4-myeloid differentiation primary response 88 (MyD88) signaling pathway. IRAK1 is phosphorylated after combining with My D88, and forms a complex with TRAF6. This complex then activates inhibitor of nuclear factor (NF)-κB kinase (IΚKβ) and induces the activation and translocation of the NF-κB transcription factor into the nucleus. Activated NF-κB subsequently induces the synthesis and secretion of large quantities of inflammatory cytokines (12) . Immunosuppressive therapy is commonly applied during the clinical management of patients with SLE. Under these conditions, patients are predisposed to infection, including nosocomial and latent infections, which in turn may exacerbate SLE symptoms (13) . Pathogen-associated molecular patterns such as lipopolysaccharide (LPS) are the most common etiological agents that induce inflammatory responses by activating the TLR/IRAK1/NF-κB signaling pathway (14) . Therefore, the aim of the present study was to investigate the regulatory effects of miR-146a on inflammatory responses by analyzing its effects on the expression of IRAK1 and downstream NF-κB activation. In addition, the current study aimed to investigate the possible infection-associated mechanisms of miR-146a in the pathogenesis of SLE.
Materials and methods
Cell culture and transfection. The human acute monocytic leukemia THP-1 cell line was purchased from the Cell Bank of the Chinese Academy of Sciences. THP-1 cells were cultured using RPMI-1640 culture medium supplemented with 10% fetal bovine serum (both Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin at 37˚C and 5% CO 2 . Cells in the logarithmic growth phase were seeded into 6-well plate (1x10 6 cells/well) and incubated overnight. They were subsequently transfected with 50 nM miR-146a mimic (cat. no. miR 10000449), 50 nM negative control (NC; cat. no. miR 01101) mimic, 100 nM miR-146a inhibitor or (cat. no. miR 20000449) 100 nM inhibitor NC (cat. no. miR 02101). All from Guangzhou RiboBio Co., Ltd.) using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. For the blank control, corresponding quantities of Opti-MEM (Gibco; Thermo Fisher Scientific, Inc.) solution were used in place of RNA during transfection (15) .
Stimulation of cells with LPS and cell grouping.
At 24 h following transfection, THP-1 cells were washed with Hank's balanced salt solution (Beijing Solarbio Science & Technology Co., Ltd.) before the culture medium was replaced with fresh RPMI-1640 medium. A final concentration of 1 µg/ml LPS (Sigma-Aldrich; Merck KGaA) was subsequently added into the culture medium, followed by incubation for a further 3 h. The cells were then collected for the measurement of IRAK1 and p68 expression, whilst the supernatant of the culture medium was collected for the measurement of cytokine levels, as described previously (15) . The cells were divided into the following experimental groups: Blank control, no RNA transfection or LPS treatment; LPS group, treated with LPS only; mimic group, miR-146 amimic+LPS; NC mimic group, NC mimic + LPS; inhibitor group, miR-146a inhibitor + LPS; and inhibitor NC group, inhibitor NC + LPS.
Reverse transcription-quantitative PCR (RT-qPCR).
For the measurement of miRNA expression, small RNA was extracted from cells using the mirVana PARIS kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). cDNA was then reverse transcribed from small RNA using the TaqMan ® MicroRNA RT kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to manufacturer's protocol. The thermocycling conditions were as follows: 16˚C for 30 min, 42˚C for 30 min, 85˚C for 5 min and 4˚C hold. miR-146a expression levels were measured using TaqMan ® MicroRNA Assay kit (Assay ID, 000468; Applied Biosystems; Thermo Fisher Scientific, Inc.), the primers, which are patented, were provided by the manufacturer as part of the kit. U6 expression were used for the normalization of miRNA expression.
To determine mRNA expression levels, total RNA was extracted from cells using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and then reverse transcription was performed using High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to manufacturer's protocol. The thermocycling conditions used was as follows: 25˚C for 10 min, 37˚C for 120 min, 85˚C for 5 min and 4˚C hold. qPCR was performed to measure IRAK1 mRNA levels in cells using PowerUp™ SYBR™ Green Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). GAPDH was used as an internal reference. The sequences of the primers used were as follows: IRAK1 forward, 5'-GTG CTA GAG ACC TTG GCT G-3' and reverse, 5'-TGT GCT CTG GGT GCT TCT C-3'; and GAPDH forward, 5'-CCA TGT TCG TCA TGG GTG T-3' and reverse, 5'-TGA GTC CTT CCA CGA TAC C-3'.
Both qPCR assays aforementioned were performed using ABI Real Time PCR System 7500 (Applied Biosystems; Thermo Fisher Scientific, Inc.) using the following thermocycling protocol: Initiation reaction at 50˚C for 2 min and 10 min at 95˚C, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The relative expression levels of miR-146a and IRAK1 were determined using the 2 -ΔΔCq method (16) .
Western blotting. Following treatment with LPS for 3 h, the cells were collected and total protein was extracted using RIPA buffer (Pierce; Thermo Fisher Scientific, Inc.) supplemented with a cocktail of protease and phosphatase inhibitors (Sigma-Aldrich; Merck KGaA). Proteins from the nuclear fraction were extracted using a Nuclear Protein Extraction Kit (cat. R0050; Beijing Solarbio Science & Technology Co., Ltd.), according to the manufacturer's protocols. Protein concentrations were determined using a bicinchoninic acid assay protein quantification kit (Pierce; Thermo Fisher Scientific, Inc.). The protein samples were then heat-denatured, and 5 µg protein/lane was separated on a 10% SDS-PAGE gel, prior to transferral to polyvinylidene difluoride membranes. The membranes were subsequently blocked in 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA), which was prepared in a TBS-T buffer (50 mM Tris, pH 8.0, and 150 mM NaCl, containing 0.05% and incubated overnight at 4˚C. Subsequently, the membranes were incubated with primary antibodies against anti-IRAK1 (cat. no. SC-5288; dilution, ELISA. Cells in the logarithmic growth phase were seeded into a 24-well plate with a density of 2x10 5 cells/well. Subsequently, they were transfected with miR-146a mimic, mimic NC, miR-146a inhibitor or and inhibitor NC. For the blank control, the same amount of the Opti-MEM solution was used instead of RNA in the transfection. After 24 h of transfection, the THP-1cells were washed with Hank's balanced salt solution, and the culture medium was replaced with RPMI-1640 medium. LPS (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added into culture medium at a final concentration of 1 µg/ml. Following treatment with LPS for 12 h, the culture medium was collected to measure IL-6 and TNF-α levels using ELISA kits (D6050 and DTA00D, R&D Systems, Inc.), according to manufacturer's protocols.
Dual-Luciferase reporter assay. Target Scan bioinformatics software (version 7.2; www.targetscan.org) was used to predict the potential targets of miR-146a by typing the term 'miR-146-5p' into the search engine. The software revealed two conserved sites in the 3'-untranslated region (3'-UTR) of IRAK1. A wild-type IRAK1 mRNA 3'-UTR sequence containing the miR-146a target site was cloned into the XbaI site downstream of the firefly luciferase gene in the pGL-3-promoter vector (Promega Corporation) to obtain the wt-IRAK1-3'-UTR vector. In a parallel experiment, the IRAK1 mRNA 3'-UTR sequence was replaced by a mutant sequence (synthesized by ObiO Technology Co., Ltd.) to obtain the mut-IRAK1-3'-UTR vector. The THP-1 cells were seeded into 96-well plates (4x10 4 cells/well) and cultured for 24 h. Subsequently, the cells were co-transfected with 1 µg plasmids and 100 nM miR-146a mimic using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. An empty pGL-3-promoter vector was used as the blank control, whilst an NC mimic was used as the negative control. The cells were subsequently lysed using Glo Lysis Buffer (Promega Corporation) at 24 h following transfection, and luciferase activity was measured using a Dual-Luciferase Reporter Assay system (Promega Corporation), according to the manufacturer's protocol. All luciferase activities were normalized to that of Renilla luciferase activity.
Statistical analysis. The data are presented as the mean ± standard deviation. One-way analysis of variance followed by the least significance difference post hoc test was performed to determine statistical significance among different groups using the SPSS software package (version 16.0; SPSS Inc.). P<0.05 was considered to indicate a statistically significant difference.
Results

miR-146a regulates IRAK1 expression in THP-1 cells.
miR-146a mimicor miR-146a inhibitor were first transfected into THP-1 cells prior to RT-qPCR analysis. Transfection with miR-146a mimic significantly increased miR-146a expression (>400-fold) whilst transfection with miR-146a inhibitor significantly reduced miR-146a expression (by ~70%); with differences observed compared with the blank control or corresponding NC groups (P<0.01; Fig. 1A ). IRAK1 mRNA expression was subsequently measured in THP-1 cells transfected with miR-146a mimic or inhibitor. miR-146a overexpression using the miR-146a mimic led to a significant reduction in IRAK1 mRNA expression (by ~88% relative to blank control; P<0.01 vs. mimic NC), whereas transfection with the miR-146a inhibitor led to a significant increase in IRAK1 expression (by ~20% relative to blank control; P<0.01 vs. inhibitor NC; Fig. 1B) . At the protein level, cells transfected with the miR-146a mimic exhibited a significant reduction in IRAK1 expression compared with the mimic NC, whereas miR-146a inhibitor transfection significantly increased IRAK protein levels (P<0.01 vs. inhibitor NC; Fig. 2A and B ). There were no significant differences between the blank control and to two corresponding NC groups (P>0.05 blank control vs. mimic NC and P>0.05 blank control vs. inhibitor NC; Fig. 2A and B) .
miR-146a modulates NF-κB activation by regulating
IRAK1 expression under inflammatory conditions. THP-1 cells were treated with LPS to induce inflammation, which significantly augmented IRAK1 expression when compared with the blank control group (P<0.01; Fig. 3A and B) . Under inflammatory conditions, transfection with miR-146a mimic significantly reduced IRAK1 expression, whereas transfection with miR-146a inhibitor significantly increased IRAK1 levels compared with the corresponding NC groups (P<0.01; Fig. 3B ). As NF-κB is a downstream molecule of IRAK1 (17), western blot analysis was subsequently performed to measure the nuclear protein levels of p65; a subunit of NF-κB. Nuclear p65 levels were significantly higher in the LPS group compared with those in the blank control group (P<0.01; Fig. 3C ). The changes in nuclear NF-κB p65 protein levels in cells transfected with either miR-146a mimic or miR-146a inhibitor mirrored those of IRAK1 levels in the corresponding treatment groups (Fig. 3B and C) . These results suggested that miR-146a regulates NF-κB activation in the presence of LPS, by modulating the expression of IRAK1.
miR-146a inhibits IL-6 and TNF-α secretion.
ELISA results demonstrated significantly increased IL-6 and TNF-α levels in the supernatant of cells in the LPS group when compared with cells in the blank control group (P<0.01; Fig. 4 ). miR-146a overexpression significantly reduced IL-6 and TNF-α secretion compared with the NC mimic groups (P<0.01). By contrast, transfection with the miR-146a inhibitor significantly increased IL-6 and TNF-α secretion when compared with the inhibitor NC group (P<0.01; Fig. 4 ). These findings suggested that LPS stimulation induced inflammatory responses in THP-1 cells by increasing the secretion of inflammatory cytokines; a process that is negatively regulated by miR-146a.
IRAK1 is a direct target of miR-146a.
To investigate whether miR-146a can interact with the IRAK1 mRNA 3'-UTR, a luciferase reporter assay was performed. Prior to this assay, the predicted targets of this miRNA were revealed using TargetScan (version 7.2). Two evolutionarily conserved potential miR-146a target sites were discovered in the 3'-UTR of IRAK1 mRNA (positions 40-47 and 56-63; Fig. 5A ). In the group co-transfected with miR-146a mimics and the wild-type 3'-UTR IRAK1 sequence, luciferase activity was significantly repressed when compared with the blank control group, while no significant difference was observed in cells co-transfected with the NC mimic (P<0.01; Fig. 5B ). When the IRAK1 3'-UTR sequence was replaced with a mutant sequence (Fig. 5C ), no significant differences were observed in the luciferase activity of cells co-transfected with the miR-146a mimic when compared with the blank control group (Fig. 5D) . These results suggested that miR-146a directly targets the IRAK1 3'-UTR.
Discussion
SLE is a chronic diffuse connective tissue disease that is caused by inflammatory responses associated with autoimmunity (18) . Although the mechanisms underlying SLE pathogenesis are unclear, the current consensus is that SLE may be associated with disturbances in the immune response, predisposing genetic factors, sexual hormone levels and exogenous stimulation (19) . Dai et al (19) reported significant differences in the expression profiles of miRNAs between PBMCs derived from patients with SLE and healthy controls. Specifically, seven miRNAs were discovered to be downregulated whilst nine miRNAs were found to be upregulated in patients with SLE. Tang et al (20) discovered that the expression of miR-146a in PBMCs was significantly lower in patients with SLE compared with the control group, further suggesting that miR-146a negatively regulates the IFN-1 signaling pathway. It has been established that type I IFN serves a key role in SLE (20, 21) . Immune complexes of autoantibodies against self-nucleoproteins and self-DNA from lupus patients are known to induce IFN-α production in plasmacytoid dendritic cells (22) . Once induced, type I IFN binds Figure 1 . Effects of miR-146a modulation on the expression of IRAK1 mRNA levels. THP-1 cells were transfected with a miR-146a mimic or inhibitor. Reverse transcription-quantitative PCR was performed to measure the relative expression levels of (A) miR-146a and (B) IRAK1 mRNA, which were normalized to their respective control genes. Experiments were performed with six replicates for each group. ** P<0.01 vs. corresponding NC groups. miR, microRNA; IRAK1, interleukin-1 receptor-associated kinase 1; NC, negative control. to its receptors to initiate downstream signaling by activation of STAT proteins, ultimately leading to the transcription of target genes (20) . Reduced expression of miR-146a in patients with SLE and correlation between miR-146a levels and disease activity have been previously reported (20, 23) . miR-146a has been demonstrated to inhibit the type I IFN pathway by downregulating IFN regulatory factor 5 (IRF-5) and STAT-1 (20) .
IRAK1, one of the regulatory targets of miR-146a, is a critical signaling molecule involved in the TLR4 signal transduction pathway. When the TLR is activated by pathogens or antigen-antibody complexes, it activates the associated adaptor protein IRAKI by the downstream My D88-dependent signaling pathway, leading to the activation of TRAF6, IΚKβ and eventually NF-κB (24, 25) . The findings of the present study demonstrated that miR-146a overexpression may downregulate the expression of IRAK1, reduce NF-κB activation and inhibit the secretion of pro-inflammatory cytokines, a signaling cascade that may serve as one of the mechanisms underlying miR-146a-mediated regulation of inflammatory responses in SLE.
Patients with SLE are predisposed to infection due to alterations in the immune system as a result of immunosuppressive therapy. As a result, infections may exacerbate SLE by promoting inflammatory responses. The development and progression of SLE is associated with enhanced inflammatory responses and dysregulated pro-inflammatory cytokines secretion (26) . IL-6 and TNF-α expression are generally increased in patients with SLE compared with healthy individuals (27) (28) (29) . The levels of IL-6 and TNF-α are positively associated with disease progression and serum levels of anti-double-stranded (ds) DNA antibody (29, 30) . IL-6 is an important type II T helper cell cytokine that is secreted by a variety of cell types, including T cells and monocytes, and stimulates the production of anti-ds DNA autoimmune antibodies in patients with SLE. This subsequently leads to the production of IL-6, and the cycle begins again (30, 31) . TNF-α activates a number of inflammatory cells, which infiltrate multiple organs and induce inflammation-associated damage (30) (31) (32) . The activation of NF-κB promotes the expression of pro-inflammatory cytokines including IL-6 and TNF-α (33). The results of the Figure 3 . Inhibitory effects of miR-146a on IRAK1 expression and NF-κB activation under inflammatory conditions. THP-1 cells were treated with LPS following transfection with either a miR-146a mimic or inhibitor to activate the inflammatory signaling response. Western blot analysis was used to measure relative protein expression levels of IRAK1 and nuclear NF-κB p65 subunit, normalized to their respective internal references. Three independent experiments were performed. (A) Representative images of the western blot analysis. Relative protein expression levels of (B) IRAK1 and (C) the nuclear p65 subunit. ## P<0.01 vs. blank control and ** P<0.01 vs. corresponding NC groups. miR, microRNA; IRAK1, interleukin-1 receptor-associated kinase 1; NF-κB, nuclear factor κB; LPS, lipopolysaccharide; NC, negative control. present study indicated that miR-146a may inhibit the activation of NF-κB, thereby decreasing the expression of IL-6 and TNF-α. Similarly, Du et al (34) demonstrated that miR-146 a suppresses the β-glucan-induced production of IL-6 and TNF-α by inhibiting the dectin-1/tyrosine-protein kinase SYK/NF-κB signaling pathway. These observations suggest that the downregulation of miR-146a may eliminate its regulatory effects on the secretion of pro-inflammatory cytokines, leading to an increase in IL-6 and TNF-α levels. This may promote the development of SLE, particularly under conditions of infection. Ultimately, miR-146a may regulate IRAK1 expression and inhibit the activation of inflammatory signals, leading to the secretion of pro-inflammatory cytokines that may be involved in SLE pathogenesis.
Although an association between miR-146a and inflammation was observed in vitro in the present study, the clinical significance of miR-146a would need to be addressed in future studies. Previous studies have observed aberrant miR-146a expression in blood cells, including PBMCs, T and B cells (35) (36) (37) . Procedures involving cell isolation and extraction are complex, and therefore not suitable for clinical detection. Alternatively, it has been clearly demonstrated that miRNA remains stable in the serum and other bodily fluids (38) . Therefore, the serum levels of miR-146a between patients with SLE and healthy individuals, and the potential application of serum miRNA as a tool for monitoring SLE in a clinical setting, remain potential avenues for further investigation. The in vitro experiments performed in the present study revealed that miR-146a may regulate the expression of IL-6 and TNF-α in THP-1 cells; therefore, in vivo miR-146a levels in patients with SLE may be associated with the levels of IL-6 and TNF-α. A clinical trial is currently in progress involving >120 patients with SLE, in which the patients will be divided into active and inactive groups according to the Systemic Lupus Erythematosus Disease Activity Index. In addition, the role of the miR-146a/IRAK1/NF-κB axis in vivo will need to be investigated. Finally, the association between miR-146a and other autoimmune diseases, including RA and Sjogren's syndrome, are also interesting topics of future study.
